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BACKGROUND. The current review summarizes the role6 of the ligand, receptor 
uutivtitor of nuclein Dictor-kB ligand [RANKD. its reeepior, iVceptor activator of 
nuclear factor-Kii IHANKl. and its decoy receptor, osteoproosgeiin (OPG), on os- 
teudasC biology and burm resorption. Furtbermwre, it highlights the Impact of 
these compounds on the pathogenesis of malignant bone diseases, including 
tumor metastasis, humoral hypercalcemia of malignancy, and multiple myeloma. 
Finally, the authors discuss the therapeutic potential of OPG in the management of 
malignancies involving the skeleton. 

METHODS. Alter its discovery and cloning, Thu biologic effects of RANKL, RANK, and 

OPG have been character!act! by in vitro experiments and in vivo studies. The 
generation of knock-out mice and transgenic mice has produced! animal models 
with absent or excessive production of these cytokine components that display 
opposite abnotmal skeletal phenotypes [osteoporosis or ostropetrosis). The po¬ 
tential effect Df RANKL and OPG has been assessed by evaluathi g those compounds 
In various animal models of metabolic and malignant bone dfscaseand hy admin- 
Isrerihg OPG lo humans. 

RESULTS. Abnormal bone resorption due to local or systemic stimulation of oste¬ 
oclast differentiation and activation Is a hallmark of various benign and malignant 
bane diseases. RANKL, RANK, and OPC, form an Essential cymlcine system rhat is 
capable of regulating ail aspects of osteoclast functions, Including proliferation, 
differential!on, fusion, activation, and apoptosis. The balance nfihrmc resnrprinn 
depends on the local RANKL-tn-DPG ratio, which it eohnncEd in hone metnsrastt 

and humoral hypercalcemia nf malignency. The exngennns Btdininistretion of OPG 
to TTitnOr-bearing animals corrects the increased RANKL-to-OP’G ratio, and re¬ 
verses the skeletal complications of malignancies. 

CONCLUSIONS. Abnormalities of the RANKL/OPG system have been implicated in 
the pathogenesis of various primary and secondary bone malignancies. The sys¬ 
temic administration of OPG appears To be a potent novel therapeutic agent for 
rraatmnnt of these disorders. Cancer 2001 ;92;«6a-7D. 

& 2003 American Cancer Society. 

KEYWORDS; bone, bone resorption, cancer, humoral hypercalcemia of malignancy, 
metastasis, multiple myeloma, osteoprotegerin, receptor activator of nuclear fee- 
tor-KB (RANK), receptor activator of nuclear factar-xB receptor ligand (RANKL). 

T he Interactions between tumor cells, tumor-derived humoral fac¬ 
tors, and the bone marrow microenvironment are crucial for the 
initiation and promotion nf Skeletal malignancies . 1 ' 2 The clinical signs 
and symptoms of primary and secondary bone tumors [pathologic 
fractures, bone deformities, pain, hypercalcemia) am caused by cn- 
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FIGURE 1 . Receptor activator at nuclear factor-«B ligand (RANKL) and esteaprotegrin (CJPG) us the filial effector cytokines In malignant skeletal diseases. 1) RANKL 
Intarartion with the receptor activator of midaar factor *8 (RANK) promoles luitepclast dWerentiatloii and activation. 2) Activated asitoclasts cause humoral 
hyperoaleemla at mwlgnancy, osteolytic metasbsas, pathologic fractures, and cancer-related pain. 3) ohG arts as a decoy receptor met iiBurrafijos RANKL and 
thus prevents RANK activation Sy RANK I 4) Many growth factors, cytokines, and hormones converge at the level of RANK! ana CPU lo'rsguieto osteoclast 
differentiation and activation, interleukin (IL)-1£ and tumor necrosis factor (TNF)-u enhance ftAWKL and OPG production, whereas parathyroid hormone (PTH), 
parathyroid hormone-related peptide (PT1 IrP), and glucocorticoids concurrently anliance RANKL and decrease OPS production. 6) To a smtil urtent. IL-1 0 and TNF-n 
ara capable of modulating osteoclast differentiation and activation independent of RANKL and RANK. 


forms of RANKL (Fig. 1). Consistent with this mode of 
action, the biologic effects of OPG include inhibition 
of proliferation, differentiation, survival, and fusion of 
osteoclastic precursor cells; inhibition of the activa¬ 
tion of osteoclasts; and promotion of osteoclast apo¬ 
ptosis in vitro. 7,4 - 15-18,33 "' 56 The term osteoproLegerin 
(Ira tin: oi => bone; protegere — to protect) originally 
was coined because transgenic mice overexpressing 
OPG 73 and healthy animals treated with recombinant 
OPG 35 - 26 were found to have an increased bone mass 
(osteopetrosis) and were protected from bone loss 
after oophorectomy. 2:5 By contrast, OPG knock-out 
mice displayed severe early osteoporosis due to exces¬ 
sive bone resorption and had severe hypercalce¬ 
mia. 57,34 In agreement with the Immunologic effects of 
RANKL, OPG inhibits dendritic cell survival by induc¬ 
ing apoptosis. 1,25- * 4 

The Receptor: RANK 

RANKL exerts its biologic effects through binding to, 
and activating, the specific receptor, RANK, a trans¬ 


membrane member of die TNRR stiperfamlly. 10,59,13 
The functional expression and biologic effects of 
RANK have been characterized mainly in osteoclasts 
and dendritic ce jxs. 8 > 10 > 22 - 2 *- 3! '- J *v After stimulation of 
RANK by RANKL, the activated RANK interacts with 
TNFR-associated factors (TRAFJl~fl, of which TRAF6 
appears to be essential for signal transduction. 38-13 
RANK signal transduction diverges into three separate 
pathways that regulate distinct aspects of osteoclast 
functions; 1) the protein kinase c-fun N-terminal ki¬ 
nase (JNK) pathway, which modulates c-fos and c-jun; 
2) the nuclear factor (NF)-kB pathway, which regu¬ 
lates osteadastogenesis and proteasiime formation; 
and 3) the serine/threonine kinase Akt/PKB, which 
inhibits apoptosis, modulates cytoskdeton reorgani¬ 
zation, and may cross-talk to the NP-i-B pathway.** -14 
RANK is expressed sequentially by late stage oste¬ 
oclastic precursor cells that coexprest. c-fms, the cel¬ 
lular receptor for M-CSF. M-CSF act;, on early stage 
osteoclastic precursor cells to induce: RANK expres¬ 
sion, and cooperates with RANKL to stimulate oste¬ 
oclast differentiation, proliferation, and survival.' 3,1G 
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hanced bone resorption and bone Joss due to inap¬ 
propriate osteoclast differentiation and activation. 1,2 
Because tumor cells peruse bone marrow-residing 
cells (osteoblastic and osteoclastic lineage cells) and 
their regulatory cytokines far their establishment and 
progression within the skeleton, knowledge of the mo¬ 
lecular and cellular basis of osteoclast biology is es¬ 
sential in understanding the pathogenesis of skeletal 
malignancies and for devising innovative therapeutic 
avenues. 1-2 

Recently, a novel cytokine system was identified 
and extensively characterized that is capable of regu¬ 
lating proliferation, differentiation, fusion, activation, 
and apoptosis of osteoclasts. 8- " This cytokine system 
is comprised of a ligand (receptor activator of nuclear 
factor-rcB ligand (RaNKLI), its specific receptor [recep¬ 
tor activator of nuclear facTor-xB [RaNK]), and its de¬ 
coy receptor (osteoprotegerin [OPGJ). In this review, 
we summarize the roles of RANKL, RAN ft, and OPG in 
osteoclast biology, highlight the role of these com¬ 
pounds in tire pathogenesis of malignant bone dis¬ 
eases, and discuss the potential of OPG in their treat¬ 
ment. 

The Ligand-Receptor Activator of NF-icB Ligand 
RANKL is the long sought-after osteoclast-activating 
factor. RANKL was discovered independently by four 
groups and found to represent a novel member of the 
tumor necrosis factor (TNF) superfamiiy. 7-10 Three 
distinct variants of RANKL exist: 1) a cell membrane- 
bound variant that i? produced by the majority of 
tissues, 7 ' 1 * 2) a secondary soluble ectodomain form 
that is generated from the cellular form by posttrans- 
lational processing by TNF- ct converting enzyme-like 
protease (TACE) that is limited to TACE-praducing 
tissues and cell types, 7,11 and 3) a primary soluble 
(secreted) form that has been described in activated 
T-lymphocytes 12 and a squamous cell carcinoma cell 
line, 13 RANKL is produced in various tissues and cell 
types and is most abundant in bone and lymphoid 
tissues (which are rich in T-celis). 7-10,14 

In a series of elegant in vitro studies, RANKL 
clearly was shown to promote the proliferation, differ¬ 
entiation, survival, and fusion of osteoclastic precur¬ 
sor cells; to activate osteoclastic precursor cells toward 
mature osteoclasts; and to inhibit apoptosis of mature 
osteoclasts. 70-15 ' 14 Osteoclasts require permissive lev¬ 
els of macrophage colony-stimulating factor (M-CSF), 
whereas RANKL is essential and sufficient for all other 
steps of the osteoclast life cycle. In full agreement with 
this, the exogenous administration of RANKL to nor¬ 
ma) mice increased the number and activity of oste¬ 
oclasts, caused rapid bone loss, and promoted the 
development of severe osteoporosis and lethal hyper- 
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calcemia (Fig. 1). T By contrast, deletion nf the RANKL 
gene resulted in impaired osteoclast development 
with the subsequent suppression of osteoclastic bone 
resorption, accumulation of unresntbed hone, in¬ 
creased bone mass (osteopetrosis), and immune ab¬ 
normalities [lymph node agenesis add thymus hyp¬ 
oplasia). 20 RANKL expression is regulated by various 
osteotropic cytokines, peptides, and steroid hormones 
that are known modulators of bone, resorption and 
determinants of bone mass. 5,9,31 Recently, we pro¬ 
posed a "convergence hypothesis” In which these fac¬ 
tors converge at the level of RANKL production to 
convey regulation of bone resorption (Fig. I). 8 

As evident from the Immune abnormalities of 
RANKL-deficient animals, 20 RANKL also appears to be 
an important regulator of developme nt and function 
in the immune system. In fact, before RANKL was 
recognized as the cognate ligand for OPG, two groups 
described RANKL as a T-cell-derived cytokine that is 
important for T-cell-dendritic cell interactions. 51 " 
RANKL up-regulates Jicl-x L expression, and thus pro¬ 
motes dendritic cell survival through an inhibition of 
apoptosis. 22-28 

Taken together, RANKL is produced by bone and 
immune cells (osteoblastic cells, activated T-celle) and 
modulates the differentiation, activation, and survival 
of bone and immune ceils (osteoclastic ceils, dendritic 
colls), Indicating that RANKL may represent a crucial 
paracrine link between bone metabolism and the Im¬ 
mune system. 

The Decoy Receptor: OPG 

OPG acts as a decoy receptor for RANKL and was 
identified and characterized in 1997 a® the only se¬ 
creted member of the TNF receptor 0NFR) superfam¬ 
iiy. 25 ■?.> Q nc rC p OIt algo indicated the existence of a 
cell membrane-bound form of OPC la a dendritic cell 
line. 80 In addition to RANKL, OPG also acts as a weak 
decoy receptor for TNF-related apoptosis-inducing li¬ 
gand (TRAIL), which is another TNF ligand superfam¬ 
ily member, 81 At the local level, OPG ioKNA levels and 
functionally active OPG homodimer* are produced at 
high concentrations by various tissues and cell 
types. 25-24,32 With regard to constitutive OPG and 
RANKL production, there exist substantial differences 
between normal and malignant osteoblastic lineage 
cell lines and a marked degree Of heterogeneity even 
among osteosarcoma cell line*. 22 Similar to RANKL, 
OPG mRNA levels and protein production arc regu¬ 
lated by a variety of osteotropic cytokines, growth 
factors, and hormones that are known to modulate 
bone resorption (Fig. I). 21 

OPG represents an endogenous receptor antago¬ 
nist that neutralizes the biologic effects of all three 
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TABLE I 

Benign Metabolic Bone Diseases with Involvement of the RANKUOPG Sysiem 


Mechanism Reference 


Postmenopausal osteoporosis 
Stimulation of OPG production by estrojen 
inhibition of UPC ptorfuclitm by uvpliorecfprny 
Slimutjtlon of RANKL production by oophorectomy 
Suppression i)f RANKL-inducad octracljctojencsis 
Giucocordcoid-inciuced dstbopbioib 
inhibition of OPG production by glucocorticoids 
Stimulitinn ul RANKL production by glucocorticoids 
Rheumatoid arthritis 

Enhanced production of RANK! by r-cells, synovia] 
Gbtoblaala, and bona marrow stromal cells 
Hyperparathyroidism 
Inhibition of OPG production by PTH 
SrimnUtinn of RANK! production by PTH 
Sporadic Paget disease 
EjiliuiiX'd pruOudluu uf RANKL 
Enhanced susceptibility of RANK 
Familial expansile osteolysis and familial Paget disease 
Constitutive activation of RANK 


lloibiuer el al U999l w trod Suika tt al (1399f i 
Pyte et al. tl9981 i= ’ and Aram) et af. (1993)" 

Asami «fc ll (1993) H and lindherg et *1. Cf99ff) K 
Siivjstava et al. (2001)“ and Shetrde et al SOW) 5 ’ 

Hofbauer et if. [1993),“ Vidil et al. (1930) “ and Sasaki et al (1001)" 
Holbauer et al. (1999)” 

Kong at al [1999), 17 Norwood cl a), (iassi," 3 Takayanagi et al (gaoti,® 
Grivsllss# et al, (2000), H ad Komas et al MU) 10 

Ueetal, (1999)“ 

Lee ct al (1999)"" and Horwood et ti. (1995)*" 

Mellon et al, [2000]"* and Menaa et al, COM)® 

Merino et si (3000)'* end Kfonua et al. (290(1)"* 

Hughes tt al. (2000)* 


KsNsr.' hv^ptor aortwtur nf niKiesr factor-al lignuJ: Of Gt nitccprattjpin; ITH: [unlhyrmC hormone; RANK receptor ictmlnr cl nucletr foflcr-iS. 


In bone cells, RANK erepression can be regarded as a 
marker of the osteoclastic phenotype. 45 ’ 40 

Stimulating RANK antibodies enhanced osteoclas- 
tp genesis, whereas inhibitory RANK antibodies or 
competitive, soluble antibodies suppressed osteodas- 
togencsis. 39 ' 40 Consistent with this finding, transgenic 
mice that overexpress the soluble RANK 39 and mice 
with targeted ablation of the normal RANK 47 ’ 48 were 
reported tD display severe osteopetrosis due to a lack 
of mature osteoclasts, indicating the requirement of 
RANK for normal osteoclast development. It is inter¬ 
esting to note that, knock-out mice with targeted ab¬ 
lation of single, more distal components of the RANK 
signaling pathways such as TRAF6 4 ® and NF-tcBl/NF- 
kB2 50 also had osteopetrosis. 

Role of RANKL and OPG in Benign Bone Diseases 
As shown in Table 2, abnormalities of the RANKL/OPG 
systems have been detected In various benign meta¬ 
bolic bone diseases that axe characterized by either 
locally or systemlcaily enhanced osteoclast activity 
and bone resorption. 21 In these disorders, the primary 
abnormality (l.e., estrogen deficiency, glucocorticoid 
excess) Is associated with an enhanced RANKL-to- 
OPG ratio within the bone marrow microenviron¬ 
ment, Correction of the underlying abnormality (es¬ 
trogen deficiency] decreases the RANKL-to-OPG ratio 
and is associated with a reduction in bone loss. 

In vitro, OPG production is increased by 17(3- 
estradiol through activation of estrogen receptor-a in 


bone marrow stromal cells and osteoblastic cells. 51154 
By contrast, oophorectomy enhanced RANKL produc¬ 
tion and decreased OPG production In rodent bone In 
vivo, which was prevented by estrogen replace 
ment- ! ’’ a-K!; Estrogens and the selective estrogen recep¬ 
tor modulators tamoxifen and raloxifene inhibit 
RANKL susceptibility of osteoclastic cells via c-Tun 
repression. 50 ’ 57 In addition, treatment of oophorecLo- 
ttifeed rodents with OPG prevented bone loss, 45 and 
preliminary data indicate that parent eial administra¬ 
tion of OPG to postmenopausal women also confers 
an antiresoiptive effect. 50 

Glucocorticoids inhibit OPG production in 
vitro 50,60 and in vivo, 61 and concurrently stimulate 
RANKL production. 58 In animal models of rheumatoid 
arthritis and in human rheumatoid arthritis, RANKL is 
produced excessively in areas of active'inflammation 
and bone resorption by activated T-lymphocytes, sy¬ 
novial fibroblasts, and bone marrow stromal 
cells,*' 4 ' 6 ’ 4-05 whereas OPG treatment prevented bone 
loss in an animal model of rheumatoid arthritis. 12 
Parathyroid hormone has been demonstrated to in¬ 
crease RANKL production, and to decrease OPG pro¬ 
duction in vitro. 66 ' 67 To sporadic Paget disease, en¬ 
hanced RANKL production by bone marrow stromal 
cells and increased RANKL sensitivity of osteoclastic 
cells In affected lesions have been observed. 160,69 Fi¬ 
nally, production of a RANK variant with constitutive 
RANK activation has been described in some cases of 
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familial expansile osteolysis and familial Paget dis¬ 
ease. 70 


STROMAL CELLS . RANKL 

(NORMAL) OPG 


The Role of RANKL and OPG In Malignant Bone Diseases 
The establishment and progression of tumor cell 
growth in hone is a complex and dynamic process that 
depends on biologic characteristics of the tumor cells, 
the properties of the bone and bone marrow micro- 
environment (including their cell types and extracel¬ 
lular matrix constituents), and a network of growth 
factors, cytokines, and chcmokines, and their antago¬ 
nists as well as receptors, adhesion molecules, and 
matrix metalloproteinases. 1,1,71 Of the various para¬ 
crine factors, interleukin (IE)-6, 71 parathyroid hor¬ 
mone-related peptide [PTHrF), 77 and transforming 
growth factor-^ (TGF-/3) 2 have received much atten¬ 
tion because they are produced by various tumor cells, 
act as autocrine tumor growth factors, and are capable 
of modulating bone resorption. With the identification 
and characterization of the RANKL/RANK/OPG cyto¬ 
kine system, several studies have implicated RANKL 
and OPG as the essential cytokine system that regu¬ 
lates tumor-bone interactions (osteolytic bone metas¬ 
tasis, humoral hypercalcemia of malignancy), and 
onto which many other cytokine systems may con¬ 
verge (Fig. lj. 

Giant call tumor of bone 

Giant ceil tumors (osteoclastoma) are epiphyseal tu¬ 
mors that commonly arc located oil long bones and 
are characterized by local osteolysis. The majority of 
giant cell tumors are benign, although malignant 
forms have been described. Giant cell tumors are 
comprised of a mesenchymal tumor stroma surround¬ 
ing areas of large multinucleated. osteoclast-like cells 
("giant cells"). Cells derived from the tumor stroma of 
giant cell tumors have been demonstrated to be a rich 
source of RANKL mRNA (Fig. 2). es,7s ' 71 In addition, 
giant cells also produce excessive levels of RANK 
mRNA compared with normal osteoclasts, 73,71 Thus, 
giant cell tumors can be viewed as a disease process of 
autonomous and unregulated overexpression of 
RANKL and RANK with a subsequent increase In os¬ 
teoclastic activity, resulting in extensive local bone 
destruction. 

Osteosarcoma 

Osteosarcoma is a malignant tumor that is derived 
from malignant transformation of osteoblastic lineage 
cells and most frequently grows as an expansive, non- 
osteolytic tumor. One study recently reported a lack of 
RANKL mRNA in tire majority of bone specimens de¬ 
rived from sporadic osteosarcoma, whereas RANKL 
mRNA is expressed In normal bone tissue. 75 in artdi- 
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FIGURE 2. Receptor activator of nuclear Tact of- kS i"iana 'RAMU-j-io-octoo- 
prateBrln (OPG) ratio in patients with malignant ton# diseases. Normal stromal 

calls prmluce ths ctahla RWKL-to-OPG ratio required to f normal bore remod¬ 
elling. Stromal calls dnrived from giant cell tumors ovtrexpress RANKL, which 
results In an Increased RANKL-to-OPG retro with the subsequent excessive 
development Q ; large mulllnuduated osteoclasts. Myel'xna and some terms of 
hr wet carcinoma cell# produce parathyroid hormona- 'Stated peptide (PTHrP), 
which Induces RANKL and inhibits OPG production, thus resulting In an 
Increased RANKL-to-OPG ratio that favors osteolysis and humoral hypercalce¬ 
mia of malignancy. By contrast, decreased RANKL production in prostata 
carcinoma results In a reduced RANKL-to-OPG ratio and may favor an osteo¬ 
blastic tumor growth pattern. 


tion, high OPG mRNA levels have beep, detected In 
some osteosarcoma cell lines In vitro, notably the cell 
line MG-63. 37,5 ® The KANKL-to-OPO ratio In some 
forms of osteosarcoma may, at least in.part, account 
for the expansive tumor growth at the expense of 
osteoclastic bone resorption, although studies that 
correlate biologic tumor characteristics' with changes 
in the RANKL/OPG system to our knowledge are not 
yet available. 

Patients with Paget disease carry a several thou¬ 
sand-fold increased relative risk of developing osteo¬ 
sarcoma, and the 18q21-22 locus (which encodes 
RANK) has been identified as a susceptibility locus for 
familial expansile osteolysis, familial Paget disease, 
and some forms of osteosarcoma. 7 ®'’ 0 Thus, it is pos¬ 
sible that genetic alterations in this area Involving the 
RANK gene could contribute to the evolution of osteo¬ 
sarcoma in preexisting familial Paget disease. Clearly, 
future studies are required to assess, directly the po- 
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tentlai role of RANK in the process of transition from 
familial Pager disease to osteosarcoma. 

Multiple myeloma 

Skeletal effects of multiple myeloma may include local 
osteolytic "punched-out" lesions, pathologic frac¬ 
tures, and profound hypercalcemia. These changes 
have been believed to result from interactions of my¬ 
eloma cells, bone marrow stromal cells, and oste¬ 
oclasts and to be mediated through myeloma-derived 
cytokines such as 1L-6 and parathyroid hormone-re¬ 
lated peptide CPTHrPl. 7 "-” In fact, IL-6® 5, *‘ and 
PTHrP**' 67 have been demonstrated to induce RANKL 
production and to inhibit OPG production.® 5 In addi¬ 
tion to secreting certain factors that are capable of 
enhancing RANKL mRNA production by osteoblastic 
lineage cells, human multiple myeloma cell lines 
(ELM, Karpas 707) also have been shown to express 
RANKL mRNA. 09 Moreover, multiple myeloma cells 
have been demonstrated to produce and to shed syn- 
decan-1 (CD 138), which inactivates OPG produced by 
other cell types within the coniines of bone." These 
distinct levels of regulation, all of which result in an 
increased RANKL-to-QPG ratio (Pig. 2), may explain 
the capacity of multiple myeloma cells to promote 
osteoclast differentiation and activation. Moreover, 
they highlight the potential for exogenous OPG to treat 
the skeletal complications of multiple myeloma. 

Breast carcinoma 

The development of osteolytic bone metastases and 
humoral hypercalcemia of malignancy are frequent 
clinical complications of breast carcinoma, and both 
disorders involve an excessive activation of oste¬ 
oclasts, H “ Breast carcinoma cells are known to secrete 
high levels of PTHrP, which is capable of enhancing 
RANKL mRNA :! ^“~ 51 and inhibiting OPG produc- 
tion U5 ’ 91 by osteoblastic lineage cells. The increased 
RANKL-to-OPG ratio elicited by breast carcinoma cell- 
derived PTHrP (Pig. 2) is associated with enhanced 
osteoclast differentiation and activation In vitro.® 8-67,91 
Based on these studies and the novel concepts of 
osteoclast biology, the osteolytic components of skel¬ 
etal metastases in breast carcinoma may be viewed as 
a process of cancer-induced local overexpression of 
RANKL causing enhanced bone resorption. These al¬ 
terations would enable tumor cells to create the bony 
cavities required for survival and further expansion. 

Whether the capacity to up-regulate RANKL at the site 
of metastasis is part of the biologic repertoire of breast 
carcinoma cells In vivo and is correlated with their 
metastatic potential remains to be determined. How¬ 
ever, the fact that many women with breast carcinoma 
present with osteoblastic metastases suggests the con- 
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tribution of additional local factors within the bone 
microenvironment, and differences in the primary tu¬ 
mor, genetic background, and individual risk factors 
to the variability of the skeletal phenotypes of meta¬ 
static breast carcinoma. 

Moreover, humoral hypercalcemia of malignancy 
in patients with nonmctastatic brcasi carcinoma may 
result from local action of secreted PTHrP on oste¬ 
oclast activation, resulting In the unregulated release 

of calcium Into the blood stream. Alternatively, a pri¬ 
mary soluble form of RANKL (which has been cloned 
from a squamous cell carcinoma cell line, of which the 
primary tumor had caused severe hypercalcemia) may 
cooperate with PTHrP in mediating humoral hyper¬ 
calcemia of malignancy. 13 

Prostate carcinoma 

The propensity of prostate carcinoma to form skeletal 
metastases has been believed to bn related to the 
production of osteotropic factors by tumor cells. 92 
One recent study provided a molecular link between 
prostate carcinoma cell lines, their metastatic poten¬ 
tial, and constitutive RANKL and OPG mRNA produc¬ 
tion. 93 Constitutive OPG mRNA steady state levels 
were found to be threefold to fourfoii 1 higher in pros¬ 
tate carcinoma cells compared with healthy prostate 
tissue. 85 These findings are similar to those obtained 
in osteosarcoma cells, which similar to prostate carci¬ 
noma metastases grow as osteoblastic tumors in bone 
(Fig. 2). 52,S9 RANKL mRNA expression was found to be 
high in tumor xenografts established using the PC-3 
cell line, which has the capacity to induce osteolytic 
metastases, and low in xenografts of the LnCaP cell 
line, which lacks this capacity and grows as an osteo¬ 
blastic tumor, 95 

OPG as a Therapeutic Agent In Malignant Bone Diseases 
Based on the pioneering studies of Simonet et al. 25 
and Yasuda et al., 26 OPG unambiguously has been 
confirmed to act as a potent antircsorptive peptide in 
vivo. Bone mass was increased both in transgenic 
mice that overexpressed OPG 28 and in norma) rodent® 
receiving recombinant OPG injections. 25 ' 26 Moreover, 
OPG treatment also prevented oophorectomy-induced 
bone loss in rats, an established animal model of 
increased bone resorption. 25 Because the majority of 
malignant bone diseases also are characterized by en¬ 
hanced bone resorption due to incre ased osteoclastic 

number and/or activity. It was hypothesized that OPG 
also would be beneficial for treating animals with ex¬ 
perimentally induced malignant bona diseases. 

Various strategies have been used to block 
RANKL-RANK interactions In animal models of osteo¬ 
lytic metastases or humoral hypercalcemia of malig- 
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nancy. These efforts included different OPG prepara¬ 
tions (monomers, homodimeis, chimeric Pc fusion 
proteins }’*” 101 and a soluble form of RANK that blocks 
Ran kx. 101 Conceptually, soluble RANK forms or neu¬ 
tralizing RANK antibodies specifically target RANKL. 
whereas OFG neutralizes RANKL and also serves as a 
weak decoy receptor for the apoptosis-inducing TNF 
ligand TRAIL.’ 1 

OPG treatment substantially lowered serum cal¬ 
cium levels and rapidly normalized the enhanced 
hone resorption In animals with hypercalcemia chal¬ 
lenged by administration of cytokines (RANKL, IL-1J3, 
ot TNF-of) or hormones (PTH, PTHrP, or 1«,25-vita¬ 
min m Of note, treatment with daily injec¬ 

tions of a recombinant chimeric Fc fusion form of the 
human OPG at a concentration of 2,5 mg/kg/day pre¬ 
vented the development of hypercalcemia and the 
increase in osteoclast number in mice exposed to 
PTHrP, which is known to ba the key mediator of 
humoral hypercalcemia of malignancy. ! ' 1 ' 

Subsequent animal studies in which rodents were 
exposed to tumors {that produced Cither hypercalce¬ 
mia or skeletal metastases or both) have demonstrated 
fast and pronounced beneficial effects of OPG or sol¬ 
uble RANK that were independent of the tumor type 
Involved {colon carcinoma, pancreatic carcinoma, 
squamous cel! carcinoma) and lacked apparent ad¬ 
verse effects. 03,90 ’ 80 - 100 - 11 ’ 2 Because calcium-lowering 
treatment usually (in clinical situations) is initiated 
after the development of tumor-associated hypercal¬ 
cemia, one recent study specifically assessed whether 
OPG treatment could reverse established hypercalce¬ 
mia in a murine model oi humoral hypercalcemia of 
malignancy induced by colon carcinoma, 100 OPG ad¬ 
ministration was effective to prevent and to reverse 
hypercalcemia and bone resorption, but had no ap¬ 
parent effect on tumor growth, tumor-induced ca¬ 
chexia, and PTHrP levels. 100 Similarly, Morony et aL 
(using athymic and syngeneic models of metastatic 
colon and breast carcinomas) demonstrated that OPG 
administration was able to prevent skeletal metastases 
after the systemic administration, of tumor cells, and 
to inhibit progression once skeletal metastasis had 
occurred, thus mimicking both clinical situations in 
which OPG is potentially useful. 101 Moreover, OPG 
also prevented cancer-induced skeletal destruction, 
skeletal pain [as determined by behavioral changes), 
and associated ncurochemicel reorganization of the 
spinal cord in a murine model of osteolytic sarcoma, 
suggesting a potential for OPG in treating Cancer 
pain, 103 Finally, OPG treatment also effectively pre¬ 
vented the development of osteopenia in an animal 
model of immobilization, which may contribute to 
bone loss in patients with malignant bone disease. 11 ” 


Taken together, these animal data indicate the thera¬ 
peutic potential of systemic OPG atimimstration in 
patients with clinically relevant skeletal complications 
of malignancies, including humoral hyp erealeemia of 
malignancy, the establishment and progression of os¬ 
teolytic metastases, tumor-related bone pain, and dis¬ 
use osteopeniu- 

Concerns associated with such strategies include 
the potential adverse effects of TRAIL blockade by 
OPG slid the subsequent inhibition of tumor apopto¬ 
sis, resulting in accelerated Tumor growth as well as 
long-term side effects. However, preliminary studies 
do not appear to support these concerns. Because of 
the need for daily injections of OPG, strategies are 
warranted that enhance endogenous OPG production 
to an extent that is sufficient to have protective effects. 
An alternative approach is OPG delivrry by gene ther¬ 
apy. Bolon ct al. 1DS employed a recombinant adenovi¬ 
ral vector containing cDNA of a fusion protein of the 
RANKL-binding OPC domain with the constant do¬ 
main of human Immunoglobulin. 1 his strategy al¬ 
ready has generated increased OPG serum levels for 
up to 18 months after a single administration and was 
capable of preventing bone loss associated with estro¬ 
gen deficiency- 100 

To our knowledge, data regarding OPG treatment 
in humans still are limited to 1 small controlled study 
of 52 postmenopausal women. 58 One single subcuta¬ 
neous injection of human recombiiiiint OPG (3 mg/ 
kg) resulted in a profound suppression of biochemical 
markers of bone metabolism (dcosypyridinulines: 
— B0% by Day 5; osteocalcin: —20% hy Day 29), and 
had no apparent side effects with the exception of a 
transient decline of serum and urine calcium IsyeJs 
and a compensatory PTH increase. 9 * Long-term fol- 
low-up with assessment of bone mineral density and 
fracture incidence i$ required to determine whether 
these changes translate into relevant clinical end¬ 
points, To our knowledge no human studies regarding 
OPG therapy for skeletal malignancies are available to 
date. 

Conclusions 

Skeletal complications of malignancies are cata¬ 
strophic clinical events and to our knowledge no ther¬ 
apeutic modalities capable of effectively preventing or 
treating them currently exist. The discovery and char¬ 
acterization of the RANKL/RANK/OPG system has 
implicated RANKL and OPG as important and final 
mediators of unregulated bone resorption, a charac¬ 
teristic feature of osteolytic bone metastases and hu¬ 
moral hypercalcemia of malignancy. RANKL is either 
produced directly by tumor ceils or its production (by 
bone cells or T-lymphocytes) Is Induced indirectly by 
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tumor cells through secretion of PTHrP and other 
cytokines, By contrast, production of the endogenous 
counteracting decoy receptor OFG is either inhibited 
or inappropriately low to compensate for the increase 
in RANKL. 

In animal models, OPG Or soluble RANK were able 
to control humoral hypercalcemia of malignancy ef¬ 
fectively, as well as the establishment and progression 
of osteolytic metastases caused by various malignant 
tumors, to prevent cancer-induced skeletal pain and 
bone loss associated with immobilization. 8 ® -10 * OPG 
treatment also has been demonstrated to be effective 
in various animal models of benign metabolic bone 
diseases, and one clinical study has indicated that the 
potency and safety of OPG treatment also can be 
achieved in humans. 58 Studies that assess the benefi¬ 
cial effects of OPG in human malignant diseases cur¬ 
rently are being performed. If the in vitro effects of 
OPG can be extrapolated to the in vivo setting, and if 
the animal data translate into a similar clinical benefit 
in humans, the administration of recombinant human 
OPG may become a novel potent strategy to treat 
patients with established or Imminent malignant bone 
diseases in whom standard therapeutic regimens have 
failed. 
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